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Two-Dimensional Wave Number Spectra of Small-Scale Water Surface Waves
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Two-dimensional wave slope spectra have been measured in the large Delft wind-wave
facility using an imaging optical technique and digital image processing. The data cover
wavelengths from 0.4 to 24 cm and wind speeds (Usp) from 2.7 to 17.2ms™. The syectra.l
densities of small gravity waves at higher wind speeds are proportional to k~°** and
t«. Capillary-gravity and capillary waves show features which clearly manifest that the
energy balance for these waves is much different from that for gravity waves. The degree
of saturation is approximately constant at a given wind speed, but strongly increases with
friction velocity (o 42®). A sharp cutoff, which is almost independent of the wind speed,

occurs at a wavelength of about 7mm .

1. INTRODUCTION

The complex two-dimensional propagation and inter-
action of small-scale wind waves on the ocean surface
cannot adequately be measured with point measuring
devices such as wire and laser slope gauges. Such in-
struments yield time series from which only the tempo-
ral characteristics can be derived. No insight is gained
into the two-dimensional spatial structures of the wave
field.

A more detailed knowledge of these properties, how-
ever, is crucial for a deeper understanding of small-scale
air-sea interaction processes and active remote sensing
of them with microwaves. From scale considerations it
is clear, whatever the detailed mechanisms may be, that
backscatter of electromagnetic waves is determined by
structures on the water surface of the same scale as the
incident wavelengths, i.e., by small-scale waves in the
capillary-gravity range with wavelengths ranging from
centimeters to millimeters.

The dependency of these small wavelets on the wind
speed and friction velocity, is the basis of remote sens-
ing of the wind speed and direction by measuring the
radar backscatter cross section [Schroeder et al., 1982;
de Loor, 1983]. Yet, the mean spectral densities of the
small-scale waves also depend on a number of other
parameter as derived by recent studies of the radar
backscatter. Keller et al. [1985] found a significant in-
crease in the radar return with increasing atmospheric
instability. Another important factor is the develop-
ment of the wave field commonly expressed in the nondi-
mensional wave age. Wind speeds determined by scat-
terometers and altimeters are considerably overestimat-
ed at high wave ages [Glazman et al., 1988; Glazman
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and Pilorz, 1990]. Furthermore, surface active films
significantly damp even small gravity waves with fre-
quencies as low as 2 Hz [Alpers and Hihnerfuss, 1989].

Of equal importance is the modulation of the small-
scale waves by larger-scale features such as large-scale
gravity waves, internal waves, tidal currents, and bot-
tom topography [Komen and Oost, 1989]. Through
these interactions, large-scale features can be made visi-
ble by imaging radar systems such as synthetic aperture
radars (SAR).

A more detailed investigation of all these effects de-
pends entirely on knowledge of the small-scale struc-
tures on the sea surface. There are virtually no labora-
tory and at-sea measurements of wave number spectra
available for waves in the capillary-gravity and capillary
range. Previously published measurements are limited
to larger wavelengths and include rather sporadic and
limited data, but no systematic study over a wide range
of parameters.

Banner et al. [1989] report wave number spectra
based on stereophotogrammetric determination. Their
measurements were obtained from an oil platform and
covered a wavelength range from 0.2 to 1.6 m and wind
speeds from 7 to 13.3 ms~!. Because of the coarse reso-
lution of only 33 x 33 pixels, only one-dimensional wave
number spectra, i.e., projections of the two-dimensional
spectra are discussed.

During the TOWARD experiment, Shemdin et al.
[1988] also used stereophotography to derive two-dimen-
sional wave number spectra . The stereo images were
taken from an image sector of 2.5m X 2.5m and were
evaluated manually with a resolution of about 300 x
300 pixels. The wave number spectra, calculated from
8-10 frames per condition, include wavelengths between
0.02 and 1 m and cover wind speeds from 1.5-5.0ms~!.

The results of these two investigations disagree: While
Shemdin et al. [1988] found that the spectral densities
go with k~3¢ and increase with wind speed, Banner
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et al. [1989] obtained a k~*° dependency and no sig-
nificant change with wind speed. For further interpre-
tation, more data are needed since both papers include
only a few spectra. Furthermore, the wind speed ranges
of the investigations do not overlap.

Very recently, in the course of the SAXON-I field ex-
periment at the Chesapeake Light Tower, stereo and
Stilwell-type [Stilwell, 1969] image sequences have been
taken [Shemdin and McCormick, 1989]. Thus, in the
near future more field data should be available. How-
ever, the new data will not include capillary waves, since
it is estimated that only waves down to wavelengths of
1cm and 2 cm will be resolved with the stereo and Stil-
well technique, respectively.

In conclusion, considerable progress in the experi-
mental technique and data analysis of wave images is
still necessary to produce instruments which (1) can re-
solve the smallest wave scales; (2) can operate under a
wide range of conditions in the field; and (3) allow a
systematic study of the spatial wave characteristics.

We chose a step by step approach to this difficult mat-
ter, starting with the relative easy indoor environment
of a wind/wave facility and going to the much more
demanding environment at sea. This seems to be the
most efficient way to develop the measuring technique.
A description of the optical wave measuring technique
envisaged is given by Jihne and Waas [1989)].

The experiments reported in this paper were per-
formed in the well-controlled indoor Delft wind/wave
facility within the first phase of the VIERS project,
an international and multidisciplinary cooperation to
forward the understanding of microwave backscattering
and small-scale water surface waves [van Halsema et al.,
1989]. The measuring program focused on synchronous
recording of the backscatter cross section with an X-
Band FM/CW radar (9.6 GHz) and of wave image se-
quences at the same footprint on the water surface (van
Halsema et al., in preparation, 1990)

Meanwhile, a second experiment took place in March
1989 in the even larger outdoor 250 m long and 5 m
deep Delta flume, where full-scale gravity waves could
be generated. As last step, an experiment is planned
from the Noordwijk research platform in the North Sea.

This paper discusses two-dimensional wave number
spectra and consists of four sections: The first sec-
tion briefly discusses the present theoretical knowledge
about wave number spectra of small-scale waves. Sec-
tions 3 and 4 cover the experimental techniques and
the processing of the wave images. The experimental
results are discussed in section 5.

2. SLoPE WAVE NUMBER SPECTRA
2.1. Wave Slope

Since we performed wave slope measurements, we
start with a discussion of the wave slope and its relation
to the wave height. The wave slope is the gradient of
the water surface deflection a(z,t)

s(z,t) = Va(z,1). (1)

It is a two-dimensional vector function with two com-
ponents, the along-wind component, s;, and the cross-
wind component, s3. The relation between the slope
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and amplitude power spectra can easily be deduced
from the Fourier transform of the water surface deflec-
tion

a(k,w) = ///a(z,t) exp[—i(kz — wt)|dzdt, (2)
Ty o t
where G(k,w) is the complex-valued amplitude function.

The slope spectra (along-wind Sj, cross-wind S;, and
total S = S; + S5 as the sum of both) are given by

S1 = kila(k,w)|? = k2cos?© A(k,w)
Sy = k3|a(k,w)|?> = k?sin’ © A(k,w) (3)
S = Klak,w)|® = k?A(k,w)

where A(k,w) = |a(k,w)|? is the directional wave num-
ber-frequency spectrum of the wave amplitude and ©
the angle between the wind direction and the propaga-
tion direction of the wave.

2.2, Wave Number Spectra

Single images of the waves on the water surface yield
only the spatial structures and thus only wave number
spectra can be calculated. The wave number spectra are
obtained from the directional wave number-frequency
spectrum by integration over all frequencies contribut-
ing to a single wave number, i.e., by a projection of the

3-D spectrum onto the wave number plane.

F(k) = / A(k,w) dw
Si(k) = k2cos?® / Alk,w) dw
v 4)
Sy(k) = k?sin%@ / A(k,w) dw
S(k) =

k2/ fi(k,w) dw,

These relations mean that the total slope wave num-
ber spectrum S can directly be derived from the height
wave number spectrum F' and vice versa:

F(k) = k™2S(k), S(k) = k2F(k) (5)

This relation gives free choice to measure either the
slope or the height of the waves. If slope measurements
are chosen, it is important to measure the total slope
spectrum, i.e. both the along- and cross-wind compo-
nents. If only one component is available, waves trav-
eling perpendicularly to the corresponding direction do
not contribute to the spectral densities and are lost be-
cause of the angular weighting factors cos? © and sin? ©
for along- and cross-wind components (4).

2.3. Saturation Range and Representation of Spectira

The simplest concept of an upper-limit asymptote of
the spectrum, the saturation range, goes back to the
early work of Phillips [1958]. He postulated that dissi-
pation (e.g., by wave breaking) imposes an upper limit
on the spectral densities. If this limit is independent of
the energy input by the wind and depends only on the



JAHNE AND RIEMER: WAVE NUMBER SPECTRA OF WATER SURFACE WAVES

restoring gravity and capillary forces, g and ¥ = o/p,
respectively, (o denotes the surface tension) a simple
dimensional analysis

Fk)] = L S(k)] = L2
O O I SR
yields
F(k) = pf(O)k*
S(k) = ﬂf(@)’c-2 (7)
Si(k) = Bcos’O f(O)k?
Sy(k) = pPsin’0© f(O)k~2

where the dimensionless function f(©) describes the an-
gular spread of the waves, which, of course, cannot be
derived from dimensional analysis alone. Since the satu-
ration range does not explicitly depend on the restoring
force, the wave number spectra for capillary and grav-
ity waves show the same spectral shape, although the
constant # may be different.

The saturation spectrum (7) corresponds to a wave
field which, statistically, shows spatial discontinuities
in the slope, i.e., the first spatial derivative. This sim-
ple fact emphasizes that the slope is a basic parameter
for the waves. Indeed, the slope of the wave is the
parameter which describes the nonlinearity of waves in
the Navier-Stokes differential equation [Kinsman, 1965].
From the experimental point of view, slope measure-
ments offer a significant advantage over height measure-
ments since the slope signal has a much smaller dynamic
range. Clearly, the concept of a saturation range is an
oversimplification. It is very helpful, however, in repre-
senting spectral densities. All spectra in this paper are
represented as a dimensionless function, the “degree of
saturation” B(k), as proposed by Phillips [1985]

B(k) = F(k)k* = S(k)k? (8)

A different train of thought leads to the same repre-
sentation for wave spectra. The starting point is the fact
that real-world data are obtained from discrete grids.
A Cartesian wave number grid, which results from the
discrete Fourier transform of an image, is not an opti-
mum choice. The relative wave number resolution in
the wave spectra is not constant, but increases propor-
tional to the wave number to unnecessarily high levels
well below 1%. Moreover, it is costly and cumbersome
to extract the angular dispersion, profiles in a certain
direction, or the dependency of the spectral density on
the absolute wave number from the Cartesian grid.

These demands are much better met by a discrete
grid in a (In k, ©) space, which preserves a constant rel-
ative k resolution and allows easy extraction of the an-
gular dispersion and k profiles. Actually, these features
are directly visible in such a representation, while it is
hardly possible to compare angular dispersions of dif-
ferent wave numbers in a Cartesian grid. The transition
from a (kz, ky) grid to the (In k,®) grid for the spectral
densities is given by

S(k)dkydks = S'(k)dInkd®
Using dky = kd©, dk; = kdInk and (8) yields
S'(k,©) = k2S(k,©) = B(k)

(9)

(10)
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On a (Ink,©) grid the slope spectrum is directly ex-
pressed as the degree of saturation B. The multiplica-
tion by k2 reflects the fact that the area of the grid cells
increases with k2. Representation of the wave number
spectra in a (Ink, ©) grid, instead of a Cartesian grid,
also yields considerable data compression.

2.4. Energy Balance in Small-Scale Waves

The key to a deeper understanding of the wave spec-
tra lies in the determination of the energy balance of
the waves. In a stationary wave field, the spectral den-
sities adjust in such a way that the different sources
and sinks balance each other in the mean. Basically
there are three terms [Phillips, 1985]: (1) energy in-
put by the turbulent wind field; (2) transfer of energy
between waves of different wave numbers by nonlinear
wave-wave interaction; and (3) dissipation of energy by
wave breaking, viscous dissipation, and turbulent diffu-
sion.

Even for small gravity waves there is a considerable
lack of knowledge. While the input of energy by wind
is known best, the mechanisms and magnitude of the
wave dissipation term is quite uncertain [Plant, 1989).
Recently, two models have been proposed, both yielding
an increase in the degree of saturation with k'/2 and u,
on quite different assumptions. Phillips [1985] assumed
that all three fluxes sketched above are of equal impor-
tance. Balancing these terms locally, he obtained

F(k) = Bg~'/?f(O)u.k~"/?
B(k) = ﬁg"llzf(G)u*kl/z (11)

In contrast, Kitaigorodskii [1983] proposed the existence
of a Kolmogoroff-type energy cascade in which the wind
input primarily occurs at the energy-containing large
scales and dissipation at small scales. As a consequence,
the spectral energy flux in the intermediate wave num-
bers is constant, and he also obtained (11).

For capillary-gravity and capillary waves, several new
aspects, which make a theoretical treatment of the en-
ergy balance even more difficult, come into play:

Strong nonlinear wave-wave interaction. Resonant
nonlinear wave-wave interaction in the gravity range
takes place between quartets of waves. This is a “weak”
process in the sense that the characteristic time scale is
hundreds of wave cycles [Kinsman, 1965]. In contrast,
resonant interactions between capillary-gravity waves
occur in triplets and are much stronger; the third wave
component is excited in less than five cycles of the in-
teracting waves [McGoldrick, 1965).

Energy transfer over a wide range of wave numbers.
Steep gravity waves generate ripples at their crests.
This mechanism transfers energy over a wide wave num-
ber range. In contrast the standard perturbation the-
ory for nonlinear wave-wave interaction deals only with
waves of similar wavelengths. To the knowledge of the
authors, no estimates are available comparing these dif-
ferent modes of energy transfer.

Viscous cutoff. Towards high wave numbers, viscous
dissipation should become dominant, since it is propor-
tional to the wave number squared [Phillips, 1980]. It is
generally believed that viscous dissipation sets the up-
per limit for waves which can be generated on the water
surface. In order to estimate the viscous cutoff, Donelan
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and Pierson [1987] balanced the wind input and vis-
cous dissipation term and argued that wave numbers for
which the wind input term is smaller than the viscous
dissipation can not be generated. Their calculations
(Figure 4 of their paper) lead to a cutoff wave number
which strongly increases with the wind speed, due to
an increase of the wind input term, and less strongly
with temperature, due to a decrease of the kinematic
viscosity. The cutoff wave numbers range from about
200m~! (A = 3cm) at 2.7 ms™! wind speed to about
1100m~! (A = 0.57cm) at 12 ms™?.

Turbulent wave dissipation end interaction with shear
currents. A closer review of this term is lacking. Only
recently, Rosenthal[1989)] proposed that turbulent diffu-
sion yields a nonlinear mechanism for wave dissipation
which agrees in the order of magnitude with the mea-
sured spectral densities. Damping of capillary waves
by turbulence is, of course, governed by eddies of much
smaller scales. The damping mechanisms may be quite
different, since the penetration depth of these waves,
A/2m, is of the same order as the wind driven shear cur-
rent in the viscous boundary layer. Thus, these waves
propagate in a strongly sheared layer These effects be-
came important in research on air-sea gas exchange, n
order to explain the strong enhancement of the air-sea
gas transfer rate in the presence of waves [Jdkne et al.,
1987]. Since the gas transfer is controlled by a layer
which is considerably thinner than the aqueous viscous
boundary layer, it is a sensitive indicator for turbulence
very close to the water surface.

Surface films. Besides wave breaking, viscous and
turbulent dissipation, waves are also dissipated by mono-
miolecular surface films. This fact makes the wave field
dependent on a variety of chemical and biological pa-
rameters. Despite this complexity, the basic relations
between the damping factor and the viscoelastic prop-
erties of the surface films are well established [Alpers
and Hihknerfuss, 1989)].

The many parameters influencing small-scale waves
are a challenge for more detailed measurements. Such
experimental data could help to sort out predominant
mechanisms and to guide further theoretical research.

3. EXPERIMENTAL TECHNIQUE
3.1. Slope Measurements by Light Refraction

The imaging of the wave slope is based on light re-
fraction at the water surface. The same principle has
been used for laser slope gauges [Coz, 1958; Tober et
al., 1973; Hughes et al., 1977; Lange et al., 1982; Jihne,
1989b; Jihne and Waas, 1989]). The water surface is
observed by a CCD camera mounted at the ceiling of
the facility, 4m above the water level.

A submerged illumination system similar to the de-
vice constructed by Keller and Gotwols [1983] is used. It
was modified to visualize both the along- and cross-wind
slopes of the waves (compare section 2.2.). It replaces
one of the 2m x 2m x 0.3 m concrete plates which cover
the bottom of the end section of the water channel in
the Delft facility (Figure 1). The illumination system
fits smoothly into the bottom of the facility and does
not cause any disturbance of the flow and waves in the
water tank.
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Fig. 1. Setup of the imaging slope gauge in the Delft wind-
wave facility: (a) cross section in wind direction; (b) view of
the submerged illumination system from above.

A row of six 150-W Osram HQI metal vapor lamps
is located at the down- and cross-wind side walls of a
14m x 1.4m x 0.2m glass box containing an aqueous
suspension of Dow Latex particles with a diameter of
0.4 um (Serva Feinbiochemica). The particles are used
to scatter the light in the box. Double glass windows
at the bottom and top of the scattering volume act as a
light guide by total reflection. Only one of the two rows
of lamps is used at a time. This simple setup should —
according to first-order scattering theory — result in an
exponential decrease of the brightness I in the direction
perpendicular to the corresponding row of lamps

I(X) = Iyexp(—X/X) (12)

If the water surface is flat, the CCD camera observes a
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horizontally or vertically changing intensity. The mea-
sured profiles show close agreement. The along-wind
profile (Figure 2a) is approximately exponential, with X
being roughly equal to the illuminated width of the im-
age, while the cross-wind profile is constant (Figure 2b).
When the water surface is inclined by waves, the light
beam received by the CCD-camera comes from a place
in the illumination source which is more or less bright.
In this way, the intensity gradient is modulated by the
slope of the waves.

180 f i ] ; : }

160 1 4

140

120

100

80 f f ; } : |
0 10 20 30 40 50 60
x-position (cm)

180 } f f f

160 4

140 + 1

120 T+ 1

100 1 4

80 } ; i f
0 10 20 30 40
y-position (cm)

Fig. 2. Intensity profile of the image for a flat water surface
with an along-wind illumination gradient: (a) along-wind
profile; (b) cross-wind profile.
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It is important to note that focusing and defocusing
caused by the lens effects of surface curvature cannot
occur with this setup. The “ripple at the bottom of the
tank effect” is only observed when a bundle of parallel
light or convergent light, emitted from a point source,
illuminates the water surface. The illumination source
used in the imaging slope gauge is quite different. It is
large, and the light is emitted in a wide cone, limited
only by total reflection at the glass-air interface at the
upper double glass window of the scattering volume.
It is shown below that the illumination cone is wide
enough even for high wave slopes.

3.2. Wave Slope and Image Intensity

A quantitative relation between the intensity modu-
lation and the wave slope can be derived by ray tracing
(Figure 3) assuming that the light source radiates light

image plane

e

1

lens

water surface

Fig. 3. Optical geometry of the imaging wave slope gauge.
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isotropically in all directions. In the following consid-
erations emphasize is put on a careful estimate of the
various nonlinearities related to the refraction law and
the exponential intensity profile.

For the sake of simplicity, dimensionless coordinates
(z,y) = (taneg,tane;) are used to denote the position
on the image plane. Three-dimensional world coordi-
nates are indicated by capital letters (X,Y,Z). The
optical axis of the system is aligned along the Z axis.

The horizontal position (X,Y) in the light source cor-
responding to a point (z,y) on the image plane is then

given by (compare Figure 3)
tan 7,
tan v,

(¥)=@-m(:)+@+m(
13)

where Z, and Z,, are the distances from the camera to
the mean water level and from the mean water level to
the light source, respectively, and H is the wave height.
Since the intensity changes in only one direction, we
need to consider only one component of (13); we take
the along-wind component.

Next, the relation between the slope s; = tana; of
the water surface and the refraction angle v; is con-
sidered in order to eliminate 4; from (13) (Figure 3).
Elementary trigonometry and the law of refraction yield

Ny sin T sin €
Ty COS7Yy — COS €1

sy =tana; =
1 ! Ny COS Y] — COS €]

(14)
Introducing the image coordinate z = tane¢; yields
ny tany

517 = V1422
! (nw\/1+z2—\/1+tan27l
zy/1+tan’ 7y, )

ny(l+ 22) — /1 + tan?y;

(15)
Clearly, the dependence of tan+; on the wave slope s
and the image coordinate 2 is nonlinear. A third-order
Taylor expansion in z and tan+; yields the following
approximation after some lengthy calculations (using
ny =4/3)

1 3 3
tany; = 7% [1 + 51‘2 - 3—2(81 + 33)2]
3 5 (16)
il —_op?_ 2 2
+4:: [1 2z 32(31 + 3z) ]

The refraction angle 4, equals only about a quarter of
the wave slope (if s; = 1,71 = 13°). Thus v; covers
only a small range. Consequently, the use of the Taylor
expansion in tan+; and the assumption of an isotropic
light source (section 3.1.) are justified. Substituting this
equation into (13) yields X as a function of the wave
slope s; and the position in the image plane z

X = (Zs—H)x
Zw+H 3 5 3 2
+ 2 {31 [l-l- 2.’0 - 32(81 +3.‘C) ]

+%z[l_2z?—§gﬁl+3$y]} (17)
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The shift in position of the illumination source AX from
a flat water surface (s; = H = 0) to a wavy surface is
given by
_ Zw+H 21, 38, 9
AX = YR 1+ 3% ~ 391~ 1631:1:]
H 3Z, [ 5 5 30 ]

3—281 + 3—2512

——z——z

4 4
(18)
The shift in position AX is essentially proportional to
the wave slope s;. The wave height H causes a sen-
sitivity shift. Ripples at the crest of large waves are
imaged more sensitively than at the trough. In our ex-
periments with pure wind waves, the wave height was at
most 5cm. Since the mean distance to the light source
was 85 cm, the effect is only about 6%. The effect on
mean wave number spectra is much less, since only an
uneven distribution of the ripples would cause a bias in
spectral densities.

Equation (18) contains the effects of the nonlinearity
related to the refraction law. These effects are of third
order in the wave slope s; and the image coordinate z.
In order to reduce the nonlinearities, it is essential to
keep z small, i.e., by putting the camera as far away
from the water surface as possible. In our setup, z was
always smaller than 0.1. Then the position-dependent
nonlinearities are 6.2% for s; = 1 and 2.3% for s; = 0.3
at the edges of the image. In the mean, the effects are
much lower, since the largest term 3/32s;z is linear in
the position and thus cancels when integrated over the
whole image. A bias of only 0.3%, which is caused by
the term quadratic in z, remains. The nonlinearities
which depend only on the wave slope are larger. The
slope signal is 9.4% and 0.8% lower than expected from
a linear relation for s; = 1 and s; = 0.3, respectively.

The second term in (18) causes a zero-point shift
for the slope signal. The effects are small and there-
fore negligible. A wave height of 5¢cm causes a slope
shift of 0.0063 at the edge of the image. The position-
dependent shift is 0.028 and 0.009 at the edge of the
image for slopes of 1 and 0.3, respectively, while the
slope itself results in a zero shift of 0.047 and 0.004,
respectively.

Finally, the intensity change is related to the wave
slope by expanding (12) in a Taylor series, using (18)
to substitute AX

AI = I(s)—I(0) = —al(0)s;
[1— 2asl + (6(1 - 32) s — 1651.1:]
(19)
with
Zw+H
a= X (20)

I(0) denotes the intensity which would be obtained for
a flat water surface at the same point. The exponential
intensity profile introduces a quadratic nonlinearity into
the slope/intensity relation. However, the effects on
the wave number spectra are small. As an example
for a wave with s; = 0.5, a secondary peak will show
up in the spectrum at twice the wave number with an
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amplitude of only 0.4% of the spectral density at the
actual wave number. Even if the slope spectrum drops
rapidly with the wave number, say proportional to k4,
the spectral densities will only be in error by 6%.

Summarizing, we can say that the slight nonlineari-
ties of the whole system do not affect the spectral densi-
ties to such an extent that it would be worthwhile to cor-
rect them. Likewise, it is not necessary to compensate
for the sensitivity decrease proportional to the intensity
I(0) in (19), since it acts as a windowing function which
is applied to the images anyway, before performing the
Fourier transform (see section 4.3.).

Though only either the along- or cross-wind slope of
the waves is made visible, the images contain the direc-
tionality of the waves. A wave with the slope sg trav-
eling at an angle © to the wind speed direction, shows
along- and cross-wind slope components, sqcos © and
80 sin ©, respectively. In an angular sector of £60° the
amplitude damping in the corresponding slope signal is
less than a factor of 2.

3.3. Image Acquisition and Digitization

The images were acquired with a Siemens K230 in-
terline transfer CCD camera. In order to obtain sharp
images, the exposure time was limited to 1.7ms by a
chopper wheel rotating in front of the camera lens syn-
chronously with the video signal. During the exper-
iments the wave image sequences were recorded on a
Umatic video tape recorder.

The images were digitized with a spatial resolution
of 512 x 512 pixels and 256 grey values (one byte per
pixel), using an Imaging Technology FG100 image pro-
cessing board in a 10 MHz PC-AT compatible personal
computer. Since a full frame consists of two half frames
which are individually illuminated with a time differ-
ence of 20 ms, only half frames with a horizontal (along-
wind) and vertical (cross-wind) resolution of 512 and
256 pixels, respectively, were processed. The further
features of the digitized images are summarized in Ta-
ble 1.

3.4. Spatial Resolution

The spatial resolution of the images is limited by two
effects. The first factor is the overall spatial transfer
function of the electro-optical system from the camera
lens, the CCD chip, and the videorecorder to the video
signal processing prior to digitization. Measurements
with test images containing fine lines yielded a steep
cutoff at a wave number of 1250 m~!, which is slightly
more than half of the Nyquist wave number ko (Ta-
ble 1). The second factor is the blurring of the images
by the motion of the waves. If it is assumed that the
intensity is constant during the exposure time At, the

TABLE 1. Summary of the Features of the Digitized Wave

Images

Feature Horizontal Vertical

Direction Direction

(Along-Wind) (Cross-Wind)

Size 66.35 cm 47.28 cmm
Pixels 512 256
Spatial resolution 1.30 mm 1.85 mm
Maximum wave number 2424m™? 1701 m™!
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wave image sequence s(z,t) is convolved along the time
coordinate with a rectangular function II of the width
At.

o' (1) = s(x, 1) + I (é) (21)

Consequently, the frequency spectrum is multiplied by
the Fourier transform of II, the sinc-function

sin(7 Atv)
TAty

The sinc-function falls off to one half at a frequency
Ve = 0.6033/At, which reduces to 355 Hz for the chosen
exposure time of 1.7ms. Even if we assume phase ve-
locities as large as 1ms~! for these small waves (by
advection with the orbital velocities of large waves),
the corresponding wave number cutoff starts only at
2230 m™?, which is just about the along-wind Nyquist
wave number.

These simple estimates are supported well by mea-
surements made without the mechanical chopper, i.e.,
an exposure time of 40 ms. The observed cutoff in the
spectral densities was found to be in good agreement
with (22).

It can be concluded that the spatial resolution is lim-
ited rather by the total transfer function of the setup
than by the velocity smearing. Waves down to a wave-
length of 0.5cm can be measured without significant
damping.

3.5. Calibration

The imaging slope gauge was calibrated with a “frozen
wave” built from a thin transparent foil, which was bent
into a sinusoidal shape by a surrounding frame. The
whole device is put onto the water surface in such a way
that the space below the foil is filled with water. This
calibration wave has a wavelength of 0.130 £ 0.002 m

§'(k,w) = 8(k,w) - (22)

180

160 +

140 +

120 +

100

80 | ; ; ; ; I
0 10 20 30 40 50 60
x-position (cm)

Fig. 4. Intensity profile of the calibration object, an artificial
wave with A = 13 cm and a slope amplitude so = 0.484. The
wave and the illumination gradient are oriented along-wind.
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and a slope amplitude of 0.484+5%. Its size of 74 cm x
103 cm is large enough to fit into the largest sector to be
measured. Figure 4 shows an intensity profile averaged
over all lines with the wave aligned in the along-wind
direction.

3.6. Nonlinearity

The overall nonlinearity of the imaging slope gauge
was estimated by processing a sequence of images with
the sinusoidal calibration wave. The second and third
harmonics were found to be 0.3% and 0.018%, respec-
tively, of the spectral densities of the main peak in the
power spectra, which is in good agreement with the es-
timates discussed in section 3.1.

3.7. Noise Level

Data obtained as images contain only a low dynamic
range because of the limited resolution, typically 8 bits.
Thus, the information is easily corrupted by noise or
artifacts in the images. Besides the electronic noise of
the imaging CCD sensor, the video recording equip-
ment, and the video analog-digital converter, there is
another noise source, which is very difficult to handle:
small particles floating in the water and sedimenting
onto the glass plate of the illumination source. As long
as parts of the water surface are flat, these particles
become visible and increase the noise level. When the
water surface becomes rough they are no longer visible.
Thus this noise source is signal-dependent and unpre-
dictable. Consequently, the detection of ripples with
low slopes at low wind speeds is the most critical issue.
It turned out that the most reliable indicator is a di-
rect comparison of the wave number spectra with the
slope frequency spectra simultaneously obtained with
the laser slope gauge (see section 5.2.).

Another problem is fixed patterns in the images. Even
faint patterns which are not detectable by eye, can cause
spikes in the spectrum. We observed spurious sensitiv-
ity changes from line to line in the image which resulted
in peaks in the spectrum in the cross-wind direction.

4. WAVE IMAGE PROCESSING
Evaluation of image data involves the handling of
huge amounts of data. Thus it is crucial to work with
efficient data structures and algorithms. This section
details all steps from the raw image data to the two-
dimensional wave number spectra.

4.1. Noise Reduclion by Median Fillering

It turned out that the digitized images contained a
kind of gray-level-dependent “salt and pepper” noise
which was caused by a small defect in the analog digi-
tal converter of the frame buffer. This effect could be
detected only after contrast enhancement but caused
an increase in the noise level in the spectra. Since it is
basically white noise, it shows up as an increase oc k2
in the degree of saturation of the spectra (Figure 5a).

A 3 x 3 median filter was used to reduce this type
noise efficiently. Unlike a linear convolution-type filter
which simply multiplies the Fourier transform by some
factor, a median filter is especially suitable to remove
isolated distorted pixels in an image which increase the
white noise level in the spectrum. Though the median
filter is not directionally sensitive, it basically filters out
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Fig. 5. Noise removal by median filtering: (@) mean wave
number spectrum of the original wave image sequence (U0 =
5.4ms™!); (b) wave number spectrum of the median-filtered
sequence. Spectra are shown as degree of saturation B(k) =
S(k)k? = F(k)k* with a logarithmic axis.

the increasing spectral densities at high wave numbers
in the cross-wind direction, which are reduced by al-
most a decade; in the along-wind direction, however,
the spectral density is damped at most by 40%. (Fig-
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ure 5b). This result clearly demonstrates that the me-
dian filter effectively removes the noise, but does not
significantly damp high wave numbers. The damping
by 40% is thus only an upper limit, since the median
filter probably also removed some noise in the along-
wind direction.

4.2. Subtraction of Least Squares Plane

The images contain waves with wavelengths larger
than the imaged sector. Without any corrections, spec-
tral leakage into the low wave number range would oc-
cur. In order to diminish this effect, each image was
fitted by a plane with a least squares algorithm. The
fitted plane was subtracted from the image. In this way,
a zero-mean image is obtained, and the mean slope of
large scale waves and the intensity gradient due to the
illumination is compensated for.

4.3. Windowing

Windowing is especially important for two-dimension-
al data, since a rectangular window results in a star-like
pattern in the spectra along the principal axes. We used
a cos window (Hanning window).

4.4. Two-Dimensional FFT

Because the intensity levels in the images are quan-
tized with only 8-bit resolution, a 16-bit integer FFT
algorithm provided sufficient accuracy. Whenever over-
flow occured, the data were scaled down by a factor
of 2 (block-floating). A separable radix-two FFT algo-
rithm was used, which first transformed the rows and
then the columns. The algorithm transforms the image
in the frame buffer of the image processing system and
is vectorized in the sense that all rows and columns are
transformed simultaneously [Jéhne, 19894]. This proce-
dure significantly reduces the overhead of the algorithm
and thus avoids any trivial multiplication by checking
the multiplication factor for trivial values such as 1, -1,
i, or —i, before the butterfly operation is applied to a
vector. The whole image evaluation including the steps
described in sections 4.1.—4.4. took about 1 min per im-
age.

4.5. Remapping the Power Spectra on a (Ink,©) Grid

The mean power spectra are remapped on the (In k, ©)
grid, which was introduced in section 2.3. The map-
ping itself is done by bilinear interpolation of the spec-
tral densities between the four nearest neighbors on the
Cartesian grid.

4.6. Addition of Along- and Cross-Wind Slope Spectra

The last step yields the total slope spectrum by addi-
tion of the along- and cross-wind slope spectra accord-
ing to (4). Figure 6 shows that there are actually cross-
wind traveling waves present which would have been
lost without measuring the cross-wind slope spectrum.

5. RESULTS

5.1. Summary

All measurements were obtained in the large wind-
wave facility of Delft Hydraulics at a fetch of 100 m,
14°C water temperature, and neutral stability of the
air flow. The friction velocities have been measured
by KNMI with a pressure anemometer [Oost, 1983].
The experimental conditions are summarized in Table 2.
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Fig. 6. a) Along-wind and (}) cross-wind slope spectra at
5.4ms™! wind speed. The corresponding total slope spec-
trum as the sum of both is shown in Fig. 8¢c.

From the measured friction velocities, equivalent wind
speeds at a height of 10 ms™!, Ujg, have been calcu-
lated. In the following we refer to these values. Two-
dimensional wave number spectra are available at seven
wind speeds from 2.7 to 17.2ms™!. Wave slope fre-
quency spectra were obtained simultaneously with a
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TABLE 2. Summary of the Evaluated Two-Dimensional
Wave Number Spectra Measured in the Delft Wind-Wave
Fadility at a Fetch of 100m

Reference Frniction Wind Speed  Number
Wind Speed Velocity 10m of

U, (ms™) , (ms™!) U (ms™)* Frames®
2,12 0.073 2.7 95, 38
3.08 0.100 3.9 138, 113
4.20 0.140 5.4 116, 130
5.62 0.205 7.3 115, 109
6.78 0.269 8.9 104, 122
9.06 0.424 12.2 119, 119
12.4 0.722 17.2 152, 135

“Estimated from the measured friction velocities assuming
a logarithmic wind profile.
bFirst figure along-wind, second cross-wind slope spectra.

laser slope gauge (Figure 7). These data are discussed in
another paper (B. Jahne, in preparation, 1990) and are
used here only to be compared with the two-dimensional
wave number spectra. The vertical lines in Figure 7 in-

0.1 —+——H
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dicate the sector of the spectrum which corresponds to
the wave number spectra. All wave number spectra are
summarized in Figure 8. The wave number spectra are
shown in a three-dimensional plot on a (lnk,©) grid
and with a logarithmic scale for the degree of satura-
tion B(k). The plots cover wave numbers from 26.5 to
1701 m~" (wavelengths from 23.6 cm down to 0.36 cm)
and an angular range of £90°. The full angular range of
360° cannot be resolved from single images, since they
contain a 180° ambiguity, i.e., waves traveling with and
against the wind direction cannot be distinguished.

At the lowest wind speed (Figure 8a) of 2.7 ms™1, the
dominant wave is just within the measured wave num-
ber range. The frequency spectrum (Figure 7) gives a
peak frequency of 2.8 Hz. Using the linear dispersion
relation, this results in a wavelength of 20 ¢cm in agree-
ment with the position of the peak in the wave number
spectrum. While the angular dispersion of the dom-
inant wave is narrow it widens considerably towards
smaller wavelengths. It is quite flat over a range of
about +45° with a clear tendency towards a bimodal
distribution. Beyond a wavelength of 6 cm, the spectral
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Fig. 7. Wave frequency spectra measured at the same wind speeds and about 90 m fetch with the laser
slope gauge. The vertical lines mark the approximate range contained in the wave number spectra.
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Fig. 8. Collection of all two-dimensional wave number spectra measured at 100-m fetch and represented
as degree of saturation in a (In k, ©) grid at wind speeds indicated.

densities drop steeply until they reach a plateau with
spectral densities about 1.5 decades lower. Again, the
smallest waves show a smaller angular dispersion peak-
ing in the along-wind direction, very similar to that of
the dominant wave. The different spikes at +90° are
remaining artifacts as discussed in section 3.7.

At higher wind speeds, the dominant wave is no longer
contained within the measured wave number range. The
features found at the lowest wind speed gradually change
as the wind speed increases. The bimodal angular dis-
persion first becomes more pronounced, but then trans-
forms into a unimodal distribution which becomes con-
tinuously wider. The spectral densities for wavelengths
between 0.5 and 3 cm strongly increase with wind speed

and finally exceed the levels at larger wavelengths at
the highest wind speed. Here, the angular dispersion
is very wide. Cross-wind traveling waves show spectral
densities not less than half of the values for along-wind
waves.

After this general overview, a more specific and quan-
titative analysis of the data follows, based on k or ©
profiles extracted from the two-dimensional data.

5.2. Wave Number Dependence
Figure 9 shows profiles at 0°, 30°, and 60° to the
wind direction and one integrated over all angles, i.e.,

the unidirectional k spectrum. At low wind speeds, the
spectral shape is governed by a strong decrease towards
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higher wave numbers, especially in the along-wind di-
rection (Figure 9a). The profiles also show that the
dominant peak is included only at the lowest wind speed
of 2.7ms™!. At moderate wind speeds, only the de-
crease from the dominant peak is observed, while at
the highest wind speeds a small gravity wave range
has obv10usly been established. The spectral peak at
17.2ms™! is located at a frequency of 1Hz in the fre-
quency slope spectrum (Figure 7), corresponding to a
wavelength of 1.56 m. Thus the dominant wave is sepa-
rated by about one decade from the small gravity range
at wavelengths from 5 to 20 cm. This should be a suf-

(continued)

ficient separation of the small gravity wave range from
the dominant wave, though at sea it typically has a ten
times larger wavelength.

In the small gravity range, the degree of saturation
increases. This increase depends on the propagation di-
rection. While it is approximately proportional to k%6
for the along-wind component, it is only oc k%35 in the
unidirectional k spectrum. This means that these data
support a k=3 height spectra for wavelengths between
3cm and 24 cm, rather than a constant degree of satu-
ration.

In a wave number range of about 200-800 m~! (0.75~



JAHNE AND RIEMER: WAVE NUMBER SPECTRA OF WATER SURFACE WAVES

0.01

e

.....

_______

0.001
B(k)

[ EEEEN

T T rrrir
T T T TTiir

______

+ N

0.0001

1E-005 1

{
(2}
Q

)

0.01

IR
L

/IR

LR

0.001
B(K)

0.0001

1E-005 ——1+H
30 100

HH
1000
k (1/m)

11,543

0.01

LI

0.001
B(k)

/

s
s
. P
.
. (N4 ]
LLLLALALRL

0.0001

.
’

]
T
1

1E-005 ——+H

0.01

- all directions

0.001
B(k)

P RN
LR
T T TTVETIT

0.0001

Ll L
eI
Ll bt
IR

1E-005 ———H
30 100

k (1/m)

Fig. 9. Wave number spectra in different directions: (a) along-wind (£5°); () 30 £ 5°; (¢) 60 £ 5°;
(d) unidirectional spectra integrated over all angles; wind speeds (Uzo in ms™) as indicated.

3 cm wavelength), a plateau is reached where the de-
gree of saturation is basically constant in the along-
wind direction. At the lowest wind speeds of 2.7 ms~1!
and 3.9ms™!, this plateau is obviously influenced by
the noise level. While in the slope frequency spec-
tra measured with the laser slope gauge the spectral
densities continue to decrease even at the lowest wind
speeds (Figure 7), they do not do so in the wave num-
ber spectra. In contrast to the plateau in the along-
wind direction, the spectral densities at 30° and 60° de-
crease slowly with increasing wave number. This means
that the angular dispersion is getting narrower towards
higher wave numbers. The unidirectional spectra (Fig-
ure 9d) show the same trend.

Beyond a wave number of 800 m™!, the spectral den-
sities fall off steeply. This cutoff is nearly independent
of the wind speed. It seems to occur only at the low-
est wind speeds, at a slightly higher wave number of
1000m~1. The discussion in section 3.4. has shown
that the resolution limit of the images lies at 1250 m~1.
Thus, the strong decrease of the spectral densities be-
yond 800m™! seems to be a real effect, although the
shape of the cutoff may be influenced by the limited
resolution and the median filtering. The hypothesis
of a cutoff independent of the wind speed is also sup-
ported by the slope frequency spectra (Figure 7). Here
the cutoff frequency increases only slightly with wind
speed from about 65 Hz at 7.3ms™?! to about 100 Hz at
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17.2ms~!. This comparison also shows that a cutoff at
k = 800m™"! is reasonable, since it leads to mean phase
velocities of 50 cms~! and 78 cms™?, respectively. These
values, including the increase in the phase velocity, are
reasonable since at higher wind speeds the orbital ve-
locities advecting the small scale waves are significantly
larger.

5.3. Wind Speed Dependence

The wind speed dependence of the degree of satu-
ration shows a remarkable change with the wave num-
ber (Figure 10). Small gravity waves are much less de-
pendent on the wind speed than are gravity-capillary
and capillary waves. The unidirectional spectral den-
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sities for 6.3-cm and 12.5-cm waves are independent of
the friction velocity up to a friction velocity of about
0.3 ms—!, where they start increasing, in approximate
proportion to the friction velocity (Figure 10¢). The
same pattern can be observed for the along-wind com-
ponent, with the exception that the 12.5-cm waves de-
crease first (Figure 10a). This effect is related to the
fact that at low wind speeds the 12.5-cm wave comes
closer to the along-wind traveling dominant wave.

In contrast, the spectral densities of capillary-gravity
and capillary waves in the wavelength range of 0.7-3 cm
strongly increase with friction velocity (Figure 104 and
Figure 10d). The curves are S-shaped, with the steep-
est increase roughly oc 43 at medium friction velocities.
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Fig. 10. Dependence of spectral densities on the friction velocity in different wave number ranges as indi-
cated: (a) small gravity waves, along-wind; (b) gravity-capillary waves and capillary waves, along-wind;
(¢) small gravity waves, unidirectional; (d) gravity-capillary waves and capillary waves, unidirectional.
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The mean exponents (disregarding the two lowest and
the highest wind speed) are 2.5+ 0.2 and 2.4 £ 0.2 for
along-wind and unidirectional spectral densities, respec-
tively. Very similar results have been found for slope
frequency spectra in different wind-wave facilities, in-
cluding the Delft facility [Jahne, 19895].

5.4. Angular Dispersion

Finally, the two-dimensional wave number spectra al-
low us to investigate the angular dispersion of the waves.
The significant deviations from the usually assumed
cosP-type angular distributions have already been point-
ed out in the qualitative discussion of the two-dimension-
al spectra (Figure 8) in section 5.1. The deviations are
most pronounced at low wind speeds (Figure 8a). At
2.7ms~! the dominant wave shows a narrow angular
dispersion around the along-wind direction, while small
gravity waves of about 6 cm wavelength establish a bi-
modal distribution peaked at about +45°. Except for
the higher background due to the higher noise level, the
angular dispersion of the capillary waves is very similar
to that of the dominant wave.

These features in the angular dispersion suggest that
two processes determine the wave number spectra at
this wind speed. First, the capillary waves seem to
be generated by steep dominant gravity waves than
directly by the wind. The observation that capillary
waves occur as bursts of short, steep wave trains [Jdhne,
19895] supports this hypothesis. Secondly, the bimodal
distribution of small gravity waves indicates that the
dominant waves decompose by a two-dimensional in-
stability process.

At higher wind speeds, the angular dispersion gradu-
ally becomes more uniform. At 5.4ms™! there are still
some indications of a bimodal distribution now shifted
towards larger wavelengths (Figure 8¢). In the gravity-
capillary range the distribution is still flatter than with
a cosP-type distribution.

6. CoNcLUSIONS AND OUTLOOK

Viewed against the background of the theoretical dis-
cussion in section 2.4., the wave number spectra show
a number of interesting and surprising features:

1. In the small gravity range (3-24 cm wavelength)
and at higher wind speeds, the spectral densities behave
approximately as expected from theories balancing the
different terms of the energy flux in the gravity wave
field. The height wave number spectrum goes approxi-
mately with k~3-° and u,. However, this does not mean
that the data verify these theories. Inferring the energy
balance from the spectral densities is rather an underde-
termined inverse problem as is shown by the coinciding
results of the theories based on quite different assump-
tions [Phillips, 1985 and Kitaigorodskii, 1983]. At lower
wind speeds the dominant waves have wavelengths too
short, even in the 100-m Delft facility. Thus the small
gravity wave range is “contaminated” by them, and an
equilibrium range is not established.

2. The wave number spectra change si§niﬁcantly
for waves shorter than 3em (k &~ 200m~"). Then
the height wave number spectra goes with k~* and
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strongly depends on the friction velocity (o< u2-%). It
is worthwhile to note that these changes do not occur
right at the transition from gravity to capillary waves
at A = 1.73cm or k = 363m™!, respectively, but at
a wave number less than 150 m~!. The significant
change in the dependence on the friction velocity is a
clear indicator that the energy balance for these shorter
waves differs from the energy balance for gravity waves.
The u2-5-dependence comes close to the u3-dependence
of the wind input term. Consequently, the dissipation
term seems to be only weakly dependent on the mean
spectral energy density in this range.

3. The wind speed independent cutoff is another re-
markable feature. This experimental fact stands in clear
contrast to the assumption that the cutoff is determined
by a balance between the wind input and viscous dissi-
pation as discussed in section 2.4. Since all energy fluxes
increase with wind speed except for viscous dissipation,
a wind-speed-independent cutoff indicates that viscous
dissipation seems to play only a minor role.

There is one direct observation from the wave images
that were obtained supporting this idea. While at low
wind speeds wave trains of capillary waves may be 10-
20 wavelengths long, they range over only a few wave-
lengths at higher wind speeds [Jdhne et al., 1987]. Thus,
the energy flux is very large at small wavelengths and
the overall attenuation rate at high wind speeds is cer-
tainly higher than 0.3. In comparison, viscous dissipa-
tion is a weak process even at these small wavelengths.
A wave with a wavelength of 7mm has an attenuation
rate of about 0.01 and 0.03 at a clean and a surface film
covered surface, respectively [Phillips, 1980]. This rate
is very low compared to the observed attenuation of the
wavelets. This obvious discrepancy directs attention to
other dissipation mechanisms such as turbulent damp-
ing. Especially important are more detailed studies on
the propagation of capillary waves in the highly sheared
current of the viscous boundary layer.

4. The data at low wind speed indicate that direct
generation of capillary waves by steep unstable gravity
waves seems to be a significant energy transfer mech-
anism. By its very nature, as a single-step process, it
should be more efficient than a multistep cascade pro-
cess.

In conclusion, the two-dimensional wave number spec-
tra give some first insight into the energy balance of
small scale waves, but it is not readily and unambigu-
ously deferrable. By analyzing only mean wave number
spectra, most information contained in the images is
disregarded. Actually, image sequences from the waves
contain the complete spatiotemporal information on the
wave field, except for the limitations imposed by the
size of the images. Thus, a promising research avenue
opens up for other kinds of image sequence processing
to investigate directly the energy cycling in the wave
field. Tracing of individual wavelets should be one way
to determine their mean lifetime and coherency lengths,
parameters that are not only of importance for a bet-
ter understanding of water wave physics, but also to
the radar remote sensing community. Digital image
processing nowadays offers the tools for such detailed
investigation of wave image sequences.
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